Experimental data on energy loss and energy-loss straggling of fully ionized relativistic heavy ions agree well with the theory of Lindhard and Sùrensen (LS). However, when heavy ions penetrate matter with many¯uctuating ionic charge states the theoretical description is more complicate and less accurate. A novel exploratory step to contribute to a better understanding of the slowing down of heavy ions has been done with the present experiment in an energy region where the atomic interaction is still dominated by bare and few-electron projectiles. In the energy range of 100±1000 MeV/u we measured with the high-resolution magnetic spectrometer FRS the stopping powers, the energyloss straggling and the charge-state distributions of 197 Au, 208 Pb and 209 Bi projectiles in charge-state equilibrium interacting with solids ranging from beryllium to lead targets. Additionally, charge exchange cross-sections have been measured to support a better analysis and interpretation of the energy-loss data. The experimental results on stopping power and energy-loss straggling clearly demonstrate the contribution of ions in dierent charge states. A novel application of the slowing down of relativistic exotic heavy ions is presented. Ó
Introduction
The study of the interaction of heavy ions penetrating matter has received new impacts by the operation of powerful particle accelerators, storage rings, and the developments of new applications. Many review articles have been published, e.g., [1±3] , but an accurate description based on ®rst principles has not been achieved for the many body collision processes involving excitation and charge changing of both the target and the projectile atoms. At low energies of a few MeV/u the heavy ion±target interaction is characterized by frequent charge-changing collisions and a rather broad charge-state distribution (CSD), e.g., a uranium projectile still carries about Nuclear Instruments and Methods in Physics Research B 164±165 (2000) 168±179 www.elsevier.nl/locate/nimb 40 electrons during its travel through matter. An eective method to reduce the complexity of the atomic heavy-ion interaction are studies at relativistic energies where the projectiles are bare or carry only few electrons. In previous experiments we mainly focused on the interaction of bare projectiles penetrating matter [4, 5] . In this case, the experimental results on stopping power and energy-loss straggling are in excellent agreement with the theory of Lindhard and Sùrensen (LS) [6] .
In this contribution we present new experiments with 197 Au, 208 Pb and 209 Bi projectiles extended down to lower energies to study the onset of the interaction in several, but well de®ned, charge states. The selected energy range of 100± 1000 MeV/u for the projectiles is well suited to investigate the contribution of charge-changing collisions in light and heavy target materials characterized by dierent mean free path lengths for charge-changing collisions. It should be noted that these path lengths have macroscopic dimensions in solids contrary to low energies, i.e, at relativistic energies the target thickness of solids, a few 100 lg/cm 2 , can be easily handled to ful®ll the single-collision condition for charge-changing cross-section measurements. Modern applications of the slowing down of relativistic heavy ions are for example tumor treatment [7] and monoisotopic separation of relativistic exotic nuclei [8] . A new application of energy bunching and heavy-ion stopping is also presented in this contribution.
Experimental
The combination of the linear accelerator UNILAC and the synchrotron SIS [9] at GSI provides projectile beams of all elements up to uranium with a maximum magnetic rigidity (Bq) of 18 Tm corresponding to 1.9 GeV/u for ions with a mass-to-charge ratio of two, i.e., the projectiles can reach a maximum velocity of 95% of the speed of light. The projectiles are injected from the UNILAC into SIS at 11.4 MeV/u after passing two stripper sections, and are then accelerated further. There is no stripper target inside SIS. Therefore, the ionic charges of the beams extracted from SIS are generally smaller than the equilibrium CSD would provide at the exit velocity. This special feature is relevant and has to be taken into account in our atomic collision experiments. The projectiles have a momentum spread of about 5 Â 10 À4 and their transverse emittance is about 1p mm mrad for a low intensity beam of a few thousand ions per second. The absolute energy of the SIS beam, determined by Schottky frequency measurements of the circulating beam, is known with an accuracy of better than 10 À3 . It should be noted that recently an electron cooler was installed in the synchrotron which can further improve the beam quality for future experiments [10] .
The projectile beam is transferred from SIS to the projectile fragment separator FRS [11] shown schematically in Fig. 1 . The FRS is a high-reso- Fig. 1 . Scheme of the experimental setup for charge-state and energy-loss experiments at the projectile fragment separator FRS. The ion-optical elements of the FRS (the dipole and quadrupole magnets are indicated by D and Q, respectively, whereas the hexapole magnets positioned directly in front and behind the dipoles are not shown here). The envelopes of a projectile beam in three dierent charge states, and the position sensitive detectors (MWPC, TPC) with the ionization chamber (IC) are illustrated. The removable detectors are represented by dashed lines in the scheme. lution magnetic spectrometer consisting of four dipole stages, each of 18 m length, with altogether 20 quadrupole and 8 sextupole magnets. The maximum magnetic rigidity Bq 18 Tm is adapted to that of the synchrotron. The dispersive focal planes (F 1 )±(F 4 ) after each dipole stage are equipped with position-sensitive detectors to measure the momentum by magnetic rigidity analysis with an accuracy of better than 5 Â 10 À4 . The movable detectors at F 1 ±F 3 are in the vacuum system and can be operated by remote control. At the entrance of the FRS (F 0 ) a charge-exchange target was optionally positioned to prepare and select the charge state of the ions before they impinge on the atomic-interaction target placed in the central focal plane F 2 of the FRS. The CSD of the ions emerging from the latter target was measured at the third focus F 3 characterized by a Bq dispersion of 2.2 m. Precise momentum measurements, independent of possible energy¯uctuations of the incident beam, were performed via position measurements at the ®nal focal plane F 4 characterized by a dispersion of 8.4 m with respect to the central focus. The total ion-optical system of the FRS is achromatic from the entrance to the ®nal focal plane, i.e., in this mode the FRS is operated as an energy-loss spectrometer. Multi-wire proportional counters (MWPC) and time-projection chambers (TPC) [12] were used for position measurements in two dimensions. The combination of two such detectors, e.g., at the ®nal focal plane allows a complete particle tracking in angle and space. Additionally, an ionization chamber (IC) [13] recorded the energy deposition of the ions to yield particle identi®cation as an indication for possible nuclear reactions. The latter information is only necessary if very thick slowing-down targets are used.
Charge states
Charge-changing cross-sections (CCCS) and CSD have been measured with position-sensitive detectors at the dispersive focal planes F 3 and F 4 of the FRS, see Fig. 1 . For these measurements it is important that the eciency of the detectors is determined over the complete active area. The targets for CCCS measurements were in the thickness range of 0.01±0.1 mg/cm 2 , suciently thin to allow for single collision conditions. These self-supporting foils were produced by evaporation and the accuracy of their thickness determination was about 5%. The solid targets for CSD experiments were thicker, in the range of 100±4000 mg/cm 2 , and permit a thickness determination with an accuracy of a few mg/cm 2 . Measured equilibrium CSD of 209 Bi projectiles in lead at 159 MeV/u and 950 MeV/u are presented in Fig. 2 to illustrate the dierent number of charge states involved in the energy range of the present experiments. The spectra clearly demonstrate the high ion-optical resolution and the low background contribution in the measurements. The relative fraction of each single charge state is indicated.
Stopping powers
Stopping-power experiments in transmission geometry require both precise energy measurement and target thickness determination. The most probable energy loss was determined by the described position measurements at F 4 . The conversion from position spectra to energy distributions implied a careful dispersion calibration at the position in the focal plane where the optical image condition is ful®lled, i.e., the position coordinate is independent of the angles of the projectiles emerging from the target (®rst-order optical condition). The energy-loss determination had an accuracy of about 5 Â 10 À3 . We have measured the stopping power in different solid materials characterized by their atomic number Z 2 . Be, Al, Cu, Ag, Ta, Au and Pb in a thickness range 100±4000 mg/cm 2 were used. For a selected incident projectile energy up to four different target thicknesses were used for each Z 2 . The stopping power was derived by numerical dierentiation using the energy-loss measurements in these dierent targets. The target materials of very high chemical purity (99.999%) were commercially available, whereas the preparation and thickness determination were performed in the GSI target laboratory [14] . An exception were the beryllium targets which were completely commercially treated and were characterized by chemical contaminants of the order of 1.2%, however as the contaminants are elements close to Be, therefore, the stopping power correction is negligible. The error of the target thickness determination is for most targets the dominant contribution to the overall error for the stopping powers which amounts to about 1%.
In general, the stopping power is de®ned as the mean energy loss per unit thickness, in the limit of in®nitely small thickness, averaged over all particles. Practically all accelerator-based experiments provide projectiles in a ®xed ionic state which can be far o the equilibrium mean charge state in the relevant stopping power target. At low energies in the MeV/u regime such eects are negligible since the target thickness to reach charge-state equilibrium is only a few lg/cm 2 or less. However, at relativistic energies the situation is dierent because the target thickness to reach charge-state equilibrium is much larger, e.g., it is 660 and 40 mg/cm 2 for 1000 MeV/u gold projectiles in beryllium and lead material, respectively. As mentioned above, the charge states of the extracted SIS beams correspond to the atomic interactions with stripper targets at much lower energies in the UNILAC, e.g., lead and bismuth projectiles have the charge state 67
emerging from SIS at all selected energies. A consequence is that the projectile would penetrate the ®rst part of the stopping power target in a non-equilibrated CSD with a result of systematically lower measured stopping power. We avoided this in¯uence by using an additional stripper target directly in front of our dE/dX-targets, i.e., the projectiles entered already the dE/dX-targets in a CSD close to equilibrium. Furthermore, the targets were chosen suciently thick such that the measured energy-loss of the projectiles after penetration of the target is to a very good approximation independent of the selected charge state for the Bq analysis with the FRS.
Energy-loss straggling
The energy-straggling experiments require in principle the same preparations as described for the stopping-power measurements but in addition a high ion-optical resolving power and higher quality targets with respect to thickness inhomo- genity are necessary. The high resolving power of the FRS is demonstrated in Fig. 3 with displayed position spectra corresponding to the measurements with and without the straggling target inserted in the beam. The energy straggling of relativistic heavy ions is relatively small and therefore dicult to measure. Already a contribution of thickness variations of the order of a few 10 À3 can completely mask the energy-loss straggling due to the statistical¯uctuations in the atomic collision processes. Therefore, we used carefully investigated and selected targets, which were characterized by a surface roughness in the range of 50±150 nm (rms value) [16] measured via laser interferometry at the PTB in Braunschweig. In addition, a collimator of 0.3 mm diameter was placed in front of the targets [15] . Both measures aimed to reduce possible straggling contributions due to target thickness nonuniformities. Even for the thinnest targets, e.g. for 0.3 mm Cu or 0.2 mm Au with the biggest surface roughness of about 150 nm (rms) the resulting enlargement of the energy straggling is only about 10%. In all other cases the eect is in the range of 1% or even lower.
Results

Charge states
The charge states of heavy ions penetrating matter are determined by the probabilities for electron capture and ionization collisions. Electron capture can occur via three dierent mechanisms: radiative electron capture (REC), non-radiative capture (NRC), and resonant transfer and excitation (RTE). These charge-changing processes have drastically dierent projectile, target and energy dependences [20, 22] . In Fig. 4 we present new data of total electron capture cross-sections for bare, H-like and He-like 209 Bi projectiles in dierent target materials at 200 MeV/u. The results are compared with the theoretical predictions implemented in the computer program GLOBAL [20] . These theoretical predictions reproduce the Z 2 -dependence of the experimental electron capture cross-sections well whereas the agreement of the absolute values is better for bare ions than for the H-like and Helike initial charge states.
The experimental results for the ionization of 200 MeV/u H-like and He-like 209 Bi projectiles are presented in Fig. 5 , where the measured ionization cross-sections in dierent solids are compared with [20, 22] . r ij represents the charge-changing cross-section from the state with i bound electrons to one with j bound electrons. the theoretical prediction from GLOBAL [20, 22] . The measured ionization cross sections are up to a factor of two lower than the theory [20] , particularly for the high Z 2 targets. Both experimental results can be used to improve further the theoretical descriptions, which agree better for our earlier investigations at higher energies up to 1000 MeV/u [20, 21] .
Knowing the CCCS, one can calculate the mean free path length for charge-changing collisions, a quantity which is needed to simulate the ion penetration. The mean free path lengths for charge change of H-like 209 Bi projectiles are calculated with GLOBAL [20] and illustrated for Be, Cu and Au material in Fig. 6 . It is clearly demonstrated that the mean free path lengths for charge change are the largest for the low-Z media in the energy range of 100±1000 MeV/u.
With increasing number of atomic collisions a charge-state equilibrium is reached in Fig. 7 . The measured equilibrium mean charge states of 209 Bi projectiles in Be, Al, Ta and Au targets are compared with the corresponding predictions from GLOBAL and a simple empirical charge parametrisation in the energy range between 100 and 1000 MeV/u. It is observed that the simple mean charge relation [17] can also give a good ®rst approximation although the lack is that the dependence on the stopping medium is not included. This formula for the eective charge (q eff ) is [17] [20, 22] . r ij represents the charge-changing cross-section from the state with i bound electrons to one with j bound electrons.
where vav 0 is the projectile velocity in units of the Bohr velocity.
Stopping powers
A new theory on stopping of bare heavy ions up to ultra-relativistic energies has been developed by Lindhard and Sùrensen [6] based on the Dirac equation. It also takes into account the deviation from a point-charge in case the de Broglie wave length of the scattered electron approaches the size of the projectile nucleus [30] . Our measured results for bare projectiles can be well described by the LS theory [32, 26] . It is now of great interest how well the agreement holds down to lower energies where the heavy ions are no longer completely stripped. This question is addressed in a comparison in Fig. 8 where our measured stopping power values for 197 Au, 208 Pb and 209 Bi projectiles in dierent solid materials are plotted as a ratio with the corresponding LS values. The agreement with the approximation of bare nuclei in the theory is remarkably good down to 500 MeV/u, however, for lower energies it is clearly demonstrated that the lower projectile charge states have to be taken into account for a more realistic comparison. The observed deviations at 100 MeV/u, corresponding to 43% of the speed of light, amount to more than 9%.
A further step towards a more realistic comparison between theory and our data is depicted in Fig. 9 . The LS theory is mainly adapted in two points: Firstly, Z 1 is replaced by q eff using Eq. (1) which takes into account that the projectiles travel through matter with several electrons attached. Secondly, corrections like shell eects (up to 2% in lead at the lowest energy) [23] and a Barkas term (up to 5% in lead at the lowest energy) [24, 25] have been included, for more details see [32] . In principle, the agreement is improved but it is also clearly demonstrated that an eective charge formula which does not take into account the Z 2 -dependence yields systematic deviations up to 5%. The next step towards an improvement was to insert into the theoretical description the partial stopping power values (dEadX q i ) using the weights (w i ) for each charge state (q i ) from our measured equilibrium charge-state distributions: Fig. 8 . Experimental stopping powers for 197 Au, 208 Pb and 209 Bi projectiles in dierent solid targets normalized by the corresponding values of the LS theory [6] . In the theory it is assumed that the projectiles are completely stripped. The projectile-target combinations are indicated in the legend. Fig. 9 . Experimental stopping powers for 197 Au, 208 Pb and 209 Bi projectiles in dierent solid targets normalized by the corresponding values of LS theory [6] . In the LS theory the nuclear charge Z 1 is replaced by an eective charge [17] .
This model is certainly a better approximation which combines the knowledge of the CSD with the stopping power theory. Possible screening corrections represent a minor contribution for our relativistic projectiles, as can be deduced from theoretical investigations [18, 19] . Indeed, as demonstrated in Fig. 10 the deviation between data and theory is now within the experimental error of about 1% with a slight systematic shift.
In summary, we have shown that the stopping power for bare and few-electron relativistic heavy ions can be well reproduced by the LS theory, especially if the experimental knowledge of the charge-state population is incorporated.
Energy-loss straggling
When ions penetrate matter, the statistical uctuations of the impact parameters as well as the variation of the transferred momenta in the scattering events cause the width of the energy-loss distribution. At relativistic energies the energy straggling is mainly determined by close collisions of the heavy ions with the target electrons. In previous publications [5, 32, 26] we have shown that the energy straggling of bare heavy ions systematically deviates by a factor of up to 3 from the well-known theoretical descriptions based on ®rst-order perturbation [1, 27] :
where NZ 2 DX is the number of electrons per unit area and b is the projectile velocity in units of the speed of light. Those experimental results, however, were in good agreement with the predictions from LS theory [6] . In the Bohr and LS theories it is assumed that the heavy ions are completely stripped.
In this contribution, we present new energystraggling measurements in dierent target materials with the goal to demonstrate unambiguously the role of the charge-exchange straggling in solid targets. At relativistic velocities we have the unique possibility to select the target material such that either the collisional straggling in a ®xed charge state or the charge-exchange straggling is the dominant contribution. This statement can already be deduced from the presentation of the drastically dierent mean free path lengths for low-and high-Z solids presented in Fig. 6 .
In our straggling measurements, the projectiles lost about 10±30% of the incident energy (E 0 ) in the targets used. A comparison with theoretical results requires that the energy dependence inside the targets is taken into account. This was done by numerical integration according to the formula
where E 1 represents the energy of the beam after penetration of the straggling targets.
In Fig. 11 we present new data on energy straggling of 209 Bi projectiles in dierent solid materials at 1000 MeV/u incident energy. The results are compared to the predictions of the LS theory [6] , and with results from a Monte Carlo simulation. In the Monte Carlo code the theoretical probabilities for charge-changing collisions were implemented in the form of statistically selected free path lengths and the slowing down was taken from the LS theory. The process simulated with the Monte Carlo program can also be treated fully analytically as it has been done by Sigmund [31] . This was applied for three charge states and lead to the same result. From these formulas it can also be seen that for a suciently thick target the variance of the charge-exchange straggling is inversely proportional to the charge-changing crosssections.
The comparison of the results at 1000 MeV/u clearly demonstrates that we obtain excellent agreement with the LS theory for heavier target materials, whereas we observe strong deviations for beryllium. In the LS theory it is assumed that the projectiles are completely stripped. It is obvious to conclude that the contribution due to charge exchange straggling is the reason for the observed deviation. The Monte Carlo simulation can reproduce the heavier Z 2 -material very well and indicates a transition to larger straggling values for the lighter target materials. However, before we want to conclude we present data at our lowest incident energy, where the chargechanging collisions should represent a more signi®cant part.
The energy-straggling results of 209 Bi projectiles in dierent solid materials and target thicknesses at 200 MeV/u incident energy are presented in Fig. 12 . The results are compared with the LS theory, where the eective charge states of Eq. (1) replace the assumption of bare ions. This modi®cation is necessary at low energies as already illustrated in Fig. 8 . The experimental energy straggling results show systematic deviations from the LS theory. At this energy also for the heavy target materials an energy straggling contribution is missing in the theory and for the light media (Be, Al) the theoretical results underestimate the measured data by a factor of about 6. As already mentioned we carefully avoided experimental systematic errors by going from light to heavy targets. Therefore, we conclude that the statistics of collision processes (see also Fig. 6 ) are dierent in low-and high-Z targets, i.e., the observed deviation is a direct consequence of the contribution of charge-changing collisions. To further prove this statement we employed our Monte Carlo simulation. The results of the simulation are in excellent agreement with the experimental data over the entire Z 2 range, a con®rmation that indeed the charge-changing processes can explain the observations. This is the ®rst time that the contribution of charge-changing collisions to heavy ion energy straggling in solids can be explicitly experimentally demonstrated. At lower energies in the MeV/u region the interpretation of early measurements with heavy ions in amorphous solids was severely in¯uenced by the target thickness variations. Therefore, the measurements were carried out only in gases, however, the clear separation of the different straggling contributions was experimentally not possible in this energy range [28] . Investigations on this subject at 17.6 MeV/u have also been performed in earlier channeling measurements [29] .
In future experiments, we will continue to investigate the in¯uence of charge-exchange straggling at dierent energies and for dierent projectiles. The large contribution of heavy-ion energy straggling due to charge-changing collisions has also strong in¯uence on many applications with heavy-ion beams, e.g., it will decrease the resolution in energy deposition detectors, decrease the resolving power for the separation of monoenergetic exotic nuclei [8] and ®nally also widen the range distribution for implanted heavy ions.
New applications
Atomic interaction of heavy ions within ionoptical systems can be employed in many ®elds of research and applications [33, 26] . Relativistic heavy-ion collisions with free electrons are the basis of a new generation of experiments which have been pioneered in the storage ring ESR [34] at GSI. The ions interact with a merged cold electron beam, in this way, the momentum spread has been reduced below 10 À6 for low intensity heavy-ion beams and the transverse emittance of the circulating beam is less than 0X05p mm mr. These kinematical properties are ideally suited, e.g., for channeling experiments with high-energy heavy ions [35, 36] . Such precision experiments with stored and cooled beams are not restricted to stable projectiles but have been extended to exotic nuclei [37±39] .
The synchrotron SIS can provide heavy-ion beams with ranges of more than 30 cm in water.
This gives the opportunity to use the heavy ions for biomedical applications, e.g. for tumor treatment [7] which has been successfully applied to patients recently at GSI. In the case of tumor treatment, the characteristic dose distribution and the favorable range and angular straggling of heavy ions are employed.
Applications relying on an extremely narrow range pro®le of relativistic heavy ions can use decelerated cooled beams extracted from the storage ring. The resulting narrow range pro®les are required if the beam has to be completely stopped in a gas cell of a small lateral dimension. Unfortunately, the deceleration-cooling techniques cannot be applied for short-lived exotic nuclei since the deceleration by RF cavities in combination with electron cooling presently needs at least several seconds. The fastest method to transfer a relativistic beam to thermal velocities is the atomic slowing down in matter. This process takes place in the subnanosecond time interval. The electric ®eld in the atomic slowing-down process is many orders of magnitude larger than that of the strongest electro-magnetic devices.
In a good approximation the range (R) and the range straggling of heavy ions in matter can be calculated within the continuous slowing down approximation:
In principle, the narrowest range distribution can be obtained from an ideal monoenergetic incident beam. However, if the slowing down is done within a dispersive ion-optical spectrometer this limit can be elegantly overcome. The method is to perform a substantial part of the slowing down at the object plane of the spectrometer and bunch the resulting energy spread with an adequately shaped degrader (monoenergetic degrader) at the dispersive focal plane, see Fig. 13 . Such a monoenergetic degrader exactly compensates the momentum spread of a spatially dispersed beam by larger or smaller energy losses, i.e., after passage of this degrader all ions have the same momentum. Depending on the thickness of the matter placed in the object plane the range straggling can be reduced below the corresponding one of the incident monoenergetic beam. Using this technique, relativistic beams of exotic nuclei can be implanted in relatively small gas cells. This method was discussed in the international NUPECC meeting at GSI [40] and it was demonstrated that a gas-®lled trap behind the FRS can be realized and will open new experimental prospects with exotic nuclei. Trapping of a beam of monoisotopic exotic nuclei represents excellent experimental conditions for LASER spectroscopy and decay studies in general.
The calculated range straggling for 500 MeV/u nickel projectiles in aluminum is presented as an example in Fig. 13 . Before the beam is stopped in the gas cell the major part of the atomic range is spent in a suitable solid degrader optimized for small nuclear reaction rates and minimum atomic straggling contributions.
In case of relativistic exotic nuclear beams [8] , the nuclear reaction kinematics of the production processes lead to an inevitable energy straggling which normally would cause a strong increase in the range straggling for implantation experiments. The application of a monoenergetic degrader placed in a spectrometer, as presented above, reduces the range straggling to a value close to that of an ideal monoenergetic beam. The range bunching of 500 MeV/u 78 Ni fragments in aluminum as a function of the incident momentum spread (Dpap) is depicted in the lower part of Fig.  13 [40] .
Presently, it is also discussed in dierent laboratories worldwide to combine a projectile fragment separator like the FRS with a gas cell where the range-bunched monoisotopic exotic beams are completely stopped [41] . Such an arrangement would elegantly allow to combine an in-¯ight facility for exotic nuclei with the coventional ISOLtechnique for postaccelerated exotic nuclear beam experiments [8] . The scenario is again an example of a versatile application of the knowledge of slowing down of ions in matter. [40] . r R ar R 0 represents the range straggling normalized by the corresponding distribution of an incident monoenergetic beam. The thickness of the absorber, daR, is given in units of the range of the incident projectiles. Lower panel: Range bunching of 500 MeV/u 78 Ni fragments in aluminum as function of the incident momentum spread.
